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A key issue in a single photon source is fast and efficient generation of a single photon flux with high light
extraction efficiency. Significant progress toward high-efficiency single photon sources has been
demonstrated by semiconductor quantum dots, especially using narrow bandgap materials. Meanwhile,
there are many obstacles, which restrict the use of wide bandgap semiconductor quantum dots as practical
single photon sources in ultraviolet-visible region, despite offering free space communication and
miniaturized quantum information circuits. Here we demonstrate a single InGaN quantum dot embedded
in an obelisk-shaped GaN nanostructure. The nano-obelisk plays an important role in eliminating
dislocations, increasing light extraction, andminimizing a built-in electric field. Based on the nano-obelisks,
we observed nonconventional narrow quantum dot emission and positive biexciton binding energy, which
are signatures of negligible built-in field in single InGaNquantumdots. This results in efficient and ultrafast
single photon generation in the violet color region.
A
single photon source that generates non-classical light provides a fundamental element for advanced
information processing1, i.e., quantum information. Semiconductor quantum dots (QDs) are the most
promising candidate for single photon sources due to their stability, fast generation rate, wavelength
tunability, and the possibility of electrical operation2–4. In the past decade, there have been several demonstrations
of semiconductor QDs embedded in microcavities2,5 such as microdisks, micropilllars, and photonic crystals,
which have a high quality factor and a small mode volume. By integrating a single emitter with an optical cavity, it
is possible to control light-matter interaction and enhance the radiative recombination rate and light extraction
efficiency. However, difficulties in spatial and spectral matching between single QDs and the microcavity system
still remain as large obstacles. Recently, instead of employing microcavities, a few groups have demonstrated
highly efficient single photon sources using single emitters embedded in photonic nanostructures6–9. The photo-
nic nanostructures could guide single photons from the emitter to the fundamental waveguide mode of the
nanostructure, enhancing the spontaneous recombination rate of emitters and efficiently extracting single
photons through the tapered tip of the nanostructure. Likewise, various approaches have been actively explored
in long wavelength region based on narrow-bandgap semiconductors, such as InAs10 (near infra-red), InP11 (red),
and CdSe12 (green). However, a high-efficiency single photon source based on wide-bandgap semiconductors,
which emit short wavelength, is still challenging. At long wavelength, single photons should be controlled in
optical fibers due to large loss in air, whereas ultraviolet (UV)-visible single photon sources have benefits in free
space communication13 andminiaturized quantum information circuits with available high-sensitivity and high-
speed detectors14,15. Frequency conversion of short wavelength single photons to long wavelength frequency is
also possible16. The group III-nitrides are attractive materials for ultraviolet-visible optical devices and exhibit
several advantages such as wide spectral tunability, large exciton binding energy17, slow surface recombination
velocity18, and strong mechanical and chemical stability, leading the evolution of solid-state lighting19. A high-
efficiency single photon source operating at high temperature based on III-nitride QDs can thus be anticipated. A
single photon source from self-assembled GaNQDs grown by Stranski-Kranstanovmode has been demonstrated
up to 200 K20. However, as a deterministic quantum light source, conventional III-nitride self-assembled QDs
have some disadvantages: QDs are randomly distributed and embedded in a planar matrix, resulting in poor light
extraction and difficulties to obtain single QDs. A large number of dislocations and the existence of a huge built-in
electric field of a fewMV/cm in the conventional III-nitride QDs strengthen the nonradiative process andweaken
the radiative recombination process21. Moreover, unlike narrow bandgap semiconductors, it is difficult to employ
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microcavities or nanostructures in QDs because there are no proper
etchants for chemical wet etching22, and physical etching methods
generally induce severe etching damage and seriously deteriorate
optical properties.23 These problems fundamentally limit the prac-
tical use of nitride based QDs as a single photon source. For these
reasons, although group III-nitride QDs have been extensively
studied21,24–26, there have only been a few reports on single photon
generation based on III-nitride QDs20,27–29.
Here we demonstrate obelisk-shaped, high-quality nanostructures
and report efficient and ultrafast single photon generation from a
single InGaN QD embedded in a nano-obelisk. Obelisk-shaped
nanostructures were formed by a chemical vapor-phase etching pro-
cess that was recently developed by our group30. The nano-obelisk
with a pyramidal tip efficiently increases light extraction, reduces the
built-in electric field, and has a high crystal quality. With this unique
structure, we observed linearly polarized narrow QD emissions and
successfully generated efficient and ultrafast single photons, which
cannot be achieved with conventional self-assembled QDs.
Results
Fabrication of nano-obelisks using chemical vapor-phase etching
and epitaxial regrowth process. The formation of high-quality
nanostructures by top-down etching is a challenging task in group
III-nitride semiconductors due to the strong chemical and
mechanical stability of III-nitride materials. To acquire a high-
quality quantum emitter embedded in photonic nanostructures, we
followed two steps. First, we prepared a 2 mm-thick GaN film on a
sapphire substrate, and then the GaN film was exposed to vapor-
phase HCl at 1000uC. HCl gas efficiently activates the dissociation
process in GaN at high temperature and induces facet- and defect-
selective etching. In contrast to physical etching, the chemical vapor-
phase etching improves the structural and optical properties of GaN
by reducing dislocations and residual strain, and enhancing light
extraction efficiency (Supplementary Sections I and II). Details of
the chemical vapor-phase etching process and characterization were
previously reported30. Next, based on this etched GaN nanostructure
template, we regrew InGaN active layers and GaN capping layers
using metal organic chemical vapor deposition (MOCVD). During
the regrowth process, radial growth occurs more dominantly than
axial growth. Figure 1a shows scanning electron microscope (SEM)
images of as-formed nano-obelisks with an average diameter of
200 nm, a height of 1.5 mm, and a density of 2 , 3 3 108 cm22.
Highly-faceted hexagonal nano-obelisks consist of a vertical column
part and a pyramidal tip part; this is a favorable shape for emitting
photons8,9 and reducing a built-in electric field31–33. In the case of
conventional self-assembled QDs embedded in a planar structure,
a large built-in electric field reduces the oscillator strength of excitons
in QDs and most emitted photons cannot escape outwards due to
total internal reflection (Fig. 1b). We simulated the light extraction
efficiency in the obelisk-shaped photonic nanostructures and
compared it with that of nanostructures without tapered tips (i.e.,
pillar type) and planar substrates. The results show that the light
extraction efficiency is only 4% for an emitter located in the planar
structure, and it increased to 20% for the pillar type nanostructures.
For an emitter embedded in the nano-obelisks, light extraction
efficiency of around 36% is observed (Supplementary Section II).
Formation of quantum structures in nano-obelisks and chara-
cterization. The formation of InGaN quantum structures in
nano-obelisks and their structural properties were studied using
high-resolution transmission electron microscopy (HRTEM) and
scanning TEM (STEM) in high-angle annular dark field (HAADF)
mode, as shown in Fig. 2. The pyramidal tip part of the nano-obelisk
has {1122} semipolar facets and the vertical column part of the nano-
obelisk shows nearly nonpolar facets with an angle of about 85u to the
c-plane. In TEM images, as-formed nano-obelisks show a high-crystal
quality without any dislocations, since the chemical vapor-phase
etching eliminates dislocations30 and the regrowth process does not
induce additional dislocations (Supplementary Section I). To
understand the formation mechanism of InGaN quantum struc-
tures, we studied nano-obelisks including multiple-InGaN layers
with different thicknesses. The cross-sectional TEM images of the
nano-obelisk show that the InGaN quantum wells (QWs) cover the
GaN nano-obelisk, resulting in a GaN/InGaN core-shell structure
(Fig. 2a–d). Generally, the growth rate of materials depends on
their grown facets having a different surface energy, and this causes
a change in the thickness of the QWs at the pyramidal facets (0.5 nm,
1.9 nm, and 7 nm) compared to that at the column facets (1.5 nm,
5 nm, and 17 nm) (Fig. 2c). We also note that an island is formed at
the top of the pyramidal tip (Fig. 2b) (see Supplementary Sections III
and IV for further analysis). Some characteristics of low-dimensional
quantum structures have also been observed at the apexes or edges of
micro-pyramidal structures34–36. Based on these experimental
observations, we grew a single and ultrathin InGaN layer in a
nano-obelisk to achieve a small size island (i.e., QD) at the top of
the nano-obelisk (Fig. 2e–i), and we anticipate that a well-isolated QD
with a height of around 1 , 2 nm would be formed at the top of a
nano-obelisk (Fig. 2i). For the nano-obelisk with a ultrathin single
QW, it is difficult to observe a clear cross-sectional TEM image of the
InGaN quantum structures embedded in a nanometer-scale
pyramidal tip (Fig. 2f), but we confirmed the formation of a 1 nm-
thick thin QW at the column part (Fig. 2g) and at the bottom of a
nano-obelisk (Fig. 2h).
Figure 1 | Formation of GaN nano-obelisks including InGaN quantum
structures. (a) Tilted-, top-, and side-view SEM images for nano-obelisks.
(b) Schematic representation of a QD in a nano-obelisk (left) and a
conventional QD in a planar structure (right). The nano-obelisk emits
photons efficiently and reduces the built-in electric field, while the planar
structure captures photons inside of it and has a large built-in electric field,
restricting electron-hole recombination.
www.nature.com/scientificreports
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Single QD spectroscopy. Optical properties of single InGaN QDs
embedded in nano-obelisks were examined with various approaches
and show several distinctive characteristics compared to conven-
tional InGaN QDs embedded in a planar structure. For the optical
characterization of quantum structures in a nano-obelisk, we
performed micro-photoluminescence (m-PL) experiments using a
325 nm He-Cd continuous-wave laser and a 345 nm frequency
doubled Ti:sapphire femto-second pulsed laser (Fig. 3a and see
Methods). To study a single nano-obelisk, the nano-obelisks
dispersed on a patterned Si wafer. As-formed nano-obelisks on the
sapphire substrate without dispersing were also studied at the top of
the nano-obelisks for analysis of polarization and multi-exciton
complexes. Figure 3b shows the m-PL spectrum for a single nano-
obelisk at 6 K. Together with a broad InGaNQWemission, a narrow
and strong signal was observed at 3.14 eV, which indicates atomic-
like transitions from the three-dimensionally quantum confined
QDs in the nano-obelisk. The full-width at half-maximum
(FWHM) of the QD peak was about 500 meV (0.06 nm), which is
close to the instrumental resolution. The linearly polarized emission
from QDs is a very important factor for quantum information
processing since quantum information could be encoded into the
polarization on the single photon qubits, enabling linear optical
quantum computing37. In Fig. 3c, the polarization was analyzed at
the top of a single nano-obelisk without being dispersed, and the
narrow single QD emission shows a strong linear polarization with
a polarization ratio (P) of 0.9, which is defined as P5 (Imax2 Imin)/
(Imax 1 Imin). Generally, wurtzite crystal structure does not possess
in-plane linear polarization along the c-plane due to hexagonal
symmetry and isotropic biaxial in-plane strain. However, with a
small anisotropy in biaxial strain or shape of QDs, electronic
structures of valence bands can be deformed, causing in-plane
linear polarization38,39. The direction of linear polarization can be
uniaxial40, biaxial39, or random41. In our case, single QD emissions
are strongly polarized in c-plane, and the direction of polarization
does not follow specific crystal axes. Although the origin of the
random polarization direction of QDs is not clear yet, we expect
that the strong linear polarization in single QD emission is related
to themixing of A and B valance bands due to the anisotropy of shape
or strain of QDs41.
The formation of multi-exciton complexes was also observed by
varying the excitation power. Figure 3d shows two narrow peaks
located at around 3.21 eV at low excitation power. These two peaks
follow the same polarization direction, and exhibit linear dependence
of the PL intensity on the excitation power. Hence, they are attributed
to the neutral exciton (X) and charged exciton (CX) transitions,
respectively, in the same QD. At high excitation power, the two
new peaks appear at the lower energy side at around 3.20 eV, and
these peaks display quadratic dependence of the PL intensity on the
excitation power, suggesting that the two peaks are biexciton (XX)
and charged biexciton (CXX), respectively. The biexciton binding
energy (EXXb ) is described as E
XX
b 5 2Je-h 2 Je-e 2 Jh-h, where Je-h is
the attractive interaction between electrons and holes and Je-e (Jh-h) is
the repulsive interaction between electrons (holes), respectively42.
Therefore, EXXb is determined by the spatial distribution of electron
and hole wavefunctions, which can have positive or negative signs
depending on the QD size. However, most nitride-based QDs have a
negative EXXb even with small size QDs because a large built-in elec-
tric field separates electron and hole wavefuntions at the top and
bottom of the QDs, respectively42. Interestingly, the InGaN QDs in
the nano-obelisks show an uncommon positive EXXb about 7 meV,
which is a strong indication of the small size of QDs and a reduced
built-in field in the nano-obelisks43. We examine this further in the
following parts.
Large exciton binding energy in nitride semiconductors enables
high temperature operation of excitons, However, for the conven-
tional self-assembled QDs embedded in a planar substrate with a
large density of dislocations about 108 , 1010/cm2 and a huge
built-in electric field, exctions in QDs could be easily dissipated
and captured by nonradiative centers with increasing temperature.
In the case of the single QD embedded in the nano-obelisks, the QD
Figure 2 | Formation of GaN nano-obelisks including InGaN quantum structures. (a–c) Cross-sectional TEM images for a nano-obelisk including
multiple-QWswith differentQW thicknesses. (b) Formation of an island at the top of a nano-obelisk. (c) QW thickness change between a pyramidal facet
and a column facet. (d) Schematic illustration of a nano-obelisk including multiple QWs and an InGaN island at the top. (e–g) Cross-sectional
TEM images for a nano-obelisk including a singleQWat the pyramidal tip (f) and at the column part (g). (h) Bottom-viewTEM image showing an InGaN
QW in a hexagonal nano-obelisk. (i) Schematic of a nano-obelisk including a single and ultrathin InGaNQW at the side facets and a small island (QD) at
the top. All TEM images (a–c,e,f,h) are measured in a bright-field condition except (g) (HAADF STEM).
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 3 : 2150 | DOI: 10.1038/srep02150 3
is spatially well isolated from dislocations. In addition, excitons
recombine rapidly, and nano-obelisks extract photons efficiently.
From the above advantages, single QD emission could be observed
up to 200 K, as shown in Fig. 3e. Beyond 200 K, it was difficult to
distinguish single QD emission due to the superimposed broad QW
emission. The FWHM of the single QD emission increases with
temperature from 0.7 meV (6 K) to 12 meV (200 K) due to
exciton-phonon interactions24.
Carrier recombination dynamics of quantum structures in a
nano-obelisk and a planar structure. A significant change in op-
tical properties between the quantum structures in the nano-obelisks
and the conventional planar structures occurs in the recombination
dynamics. Figure 4a shows time-resolved m-PL results for single
InGaN QD and InGaN QW emissions in the same single nano-
obelisk at 6 K. A single InGaN QW on a planar template grown
under the same conditions as the nano-obelisk sample was also
compared as a reference. As shown in Fig. 4a, the InGaN QW
embedded in a planar structure shows recombination time of
1.1 ns, while the single QD and QW in the nano-obelisk shows
remarkably fast recombination of 166 ps and 105 ps, respectively.
It is well known that InGaN QWs and QDs embedded in a planar
structure have a recombination time on the order of nanoseconds44.
The main reason for the long recombination time is the existence of
Figure 3 | Optical study for a singleQD in a nano-obelisk. (a) Schematic of single QD spectroscopy set up. (b) m-PL spectrum from a single nano-obelisk
showing a sharp single InGaN QD emission together with an InGaN QW emission. Inset presents a high-resolution PL spectrum for single QD
emission and the red line is a fitted Lorentz curve. (c) Polar plot of the PL intensity of a single QD emission with the polarization direction (h). h5 0u is an
arbitrary direction. (d) Formation of mtulti-exiton complexes with excitation power. The single QD shows X and CX transitions at 0.1 mW, and XX and
CXX peaks are also observed at 3 mW. Inset shows the increase of the PL intensity with the excitation power for X, CX, XX, and CXX transitions. Dashed
and solid lines represent linear and quadratic lines, respectively. (e) A Single QD spectrum was measured at various temperatures and the single QD
emission can be observed up to 200 K with an increase of the FWHM from 0.7 meV (6 K) to 12 meV (200 K).
www.nature.com/scientificreports
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strong spontaneous and piezoelectric polarization fields in the III-
nitride system. The built-in electric fields separate the electron and
holewavefunctions (i.e., quantum confined-Stark effect (QCSE)) and
inhibit their radiative recombination process, thus limiting the
quantum efficiency in the group III-nitride material system45.
However, the formation of nanostructures could reduce the built-
in electric field effectively through strain minimization31,33. The
reduced built-in electric field and improved spatial coherence in
the photonic nanostructures lead to a large increase of the
oscillator strength of the quantum structures in the nano-obelisks,
which is inversely proportional to the radiative recombination time.
QCSE is affected by the amount of the built-in electric field and the
size of quantum structures. To determine the dominant factor
responsible for a reduced QCSE in the nano-obelisks, we measured
the recombination time for thick quantum structures in the nano-
obelisks, and fast recombination was also observed even for these
structures (Supplementary Section V). Therefore, we conclude that
the built-in electric field reduction plays an important role in this
unusual fast recombination.
Photon correlation experiment. Finally, we demonstrate the
quantum nature of photons from a single QD in a nano-obelisk
using the Hanbury Brown and Twiss experiment, which measures
the second order correlation function of photons: g(2)(t) 5 ,:I(t)I(t
1 t):./,I(t).2. In the case of single photons, due to their anti-
bunched nature, more than one photon cannot be simultaneously
detected by two Si-avalanche photodiodes (APDs) after passing
through a 50550 beam splitter, resulting in a dip at g(2)(t 5 0). The
QDemission line was spectrally filtered by amonochromator (Fig. 3a
and see Methods). The single QD in the nano-obelisk shows efficient
single photon generation with a fast radiative recombination rate.
Figure 4b is an autocorrelation graph for a single QD emission with a
continuous-wave excitation condition at 6 K. It displays a strong
anti-bunching signal, indicating non-classical light generation (i.e.,
single photon state). We fit the autocorrelation graph using the
following equation: g(2)(t) 5 1 2 (1 2 g(2)(0))exp(2jtj/t0). The
obtained value for g(2)(0) was 0.32. The nonzero value at g(2)(0) is
mostly due to the uncorrelated background light, dark counts, and
limited time resolution of APDs. By excluding the background signal
using the modified second-correlation function g(2)(t)5 12 r2(12
g(2)cor(0))exp(2jtj/t0), where r5 S/(S1 B) is the ratio of signal S to
background signal B counts3, we obtained g(2)cor(0) 5 0.1 with r 5
0.87. The anti-bunching signal also shows a very narrow dip, which is
strongly associated with the fast recombination time of single QDs in
nano-obelisks. From the fitting, the time constant t0 was about
100 ps. (1/t0 5 G 1 1/tsp, G is the excitation rate and 1/tsp is the
spontaneous recombination rate46). This fast generation of single
photons is difficult to achieve with conventional self-assembled
QDs or other single photon sources without a microcavity. For
instance, the common recombination times are about 7 ns for
InGaN QDs27, 1 ns for InAs QDs10, 12 ns for defects in diamond46,
and 20 ns for CdSe nanocrystals47, respectively. The realization of
ultrafast and efficient single photon generation is a promising step
toward solid-state quantum optical systems.
Discussion
With wide-bandgap nitride materials and obelisk shaped nano-
structures, we obtained ultrafast violet-colored single photon emit-
ter. The nano-obelisk structure could be easily detached and
transferred. Therefore, it is possible to transfer the nano-obelisks
to the metal substrate to improve further the light extraction effi-
ciency7. The nano-obelisks also provide a fundamental building
block for on-chip quantum photonic circuits by integrating with
waveguides and detectors. In this study, the spectrum of the broad
background QW emission in nano-obelisk was superimposed with
the narrow single QD emission, which limits the g(2)(0) value and
makes the single QD emission is indistinguishable from the QW
emission at high temperature. However, it might be possible to sepa-
rate the QW andQD emission further by changing the thickness and
indium composition of InGaN layer. It is also important to verify
whether this fast recombination is dominated by a radiative process
or a nonradiative process (e.g., surface recombination). To confirm
this, we performed temperature-dependent time-resolved PL experi-
ments. In this experiment, the nano-obelisks maintained their PL
intensity and recombination lifetime almost unchanged up to 100 K,
and then both decreased after 100 K (Supplementary Section VI).
This is unambiguous evidence that the nonradiative process is sup-
pressed at low temperature below 100 K, and the observed fast
recombination time at low temperature is therefore dominated by
a fast radiative recombination process rather than a nonradiative
process.
In summary, we have demonstrated and investigated ultrafast
violet-colored single photon emitting quantum structures embedded
in nano-obelisks. The QD embedded in a nano-obelisk offers dis-
tinctive advantages over the conventional self-assembled QDs on a
planar substrate. A well-isolated single QD could be obtained with-
out a patterning step, and together with increased light extraction
efficiency, a significantly reduced built-in electric field was observed
in the nano-obelisk structure. This results in peculiar optical prop-
erties such as a narrow emission, strong linear polarization, positive
biexciton binding energy, and fast recombination for the single
InGaN QDs, making efficient and ultrafast single photon generation
possible. The fast generation and efficient extraction of a single
photon are key elements for realizing a deterministic single photon
source. The formation of quantum structures in the nano-obelisk
Figure 4 | Ultrafast single photon generation from a single QD in a nano-
obelisk. (a) Comparison of recombination curves for QD and QW
emissions in the single nano-obelisk, and QW emission in the planar
structure. (b) A second order photon correlation result from a single
InGaNQD showing an anti-bunching signal. The red line is a fitting curve.
www.nature.com/scientificreports
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overcomes many limitations in conventional self-assembled QDs in
the planar structure and shows strong potential as a practical single
photon source with nitride-based single QDs.
Methods
Sample preparations and structural characterization. 2 mm-thick GaNwafers were
prepared using MOCVD on a c-plane sapphire substrate, and then GaN wafers were
etched by a chemical vapor-phase etching method with the following etching
conditions: temperature of 1000uC, pressure of 771 Torr, etching gas of 1000 sccm of
HCl and 250 sccm of NH3 during 5 min. After etching, we grew a InGaN active layer
and a GaN capping layer on the etched GaN nanostructure templates and c-plane
GaN templates using MOCVD at the same growth conditions with growth
temperature of 680uC for InGaN active layers. The indium composition was 20% for
the InGaN QW in the planar structure, and the 5 nm-thick QW in the nano-obelisks
shows a similar value, but it was difficult to ascertain the exact indium composition
for an ultrathin InGaNQW in nano-obelisks. Structural characteristics of the samples
were investigated using SEM (Hitachi S-4800) and TEM (JEM-ARM200F). Cross-
sectional TEM samples were prepared by mechanical polishing and an ion-milling
process (Gatan PIPS691).
Single QD spectroscopy. For the single QD spectroscopy, the sample was mounted
on a cold stage in a low-vibration cryostat (Advanced Research System), and a
325 nm He-Cd laser and a 345 nm mode-locked Ti:sapphire laser with a repetition
rate of 80 MHz were used as continuous-wave and pulsed excitation sources,
respectively. The laser was focused by a 1003 (N.A. 5 0.5, Mitutoyo) objective lens
and the sample emission was collected by the same objective lens and sent to a
spectrometer (0.75 m focal length, Princeton Instruments) coupled with an
thermoelectric cooled CCD array detector to measure the emission wavelength and
intensity. For m-PL experiments, we separated the nano-obelisks by a knife and
dispersed them on a Si wafer. However, for polarization dependent m-PL
measurement, an as-formed nano-obelisk sample was used without being dispersed,
and the polarization of the QD emission was hence analyzed at the top of the sample.
The linear polarization of the PL intensity was analyzed by rotating a l/2 wave plate in
front of a linear polarizer. To obtain photon correlation data from a single QD, we
used two APDs (temporal resolution of ,40 ps, ID Quantique) after a 50550 beam
splitter, and the APD signals were processed by a time-correlated single-photon
counting system (Picoharp300, Picoquant). The singleQD emissionwas not observed
from every single nanostructure but rather a small percent of the nanostructures. The
background signal B in g(2)(t) was simply measured by tuning the detection
wavelength to the region outside of the QD emission, which includes a dark count in
the APD and un uncorrelated emission from the QW at around 400 nm.
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